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CrN/AlN and TiN/AlN multilayer coatings with modulation period of 4 nm and thickness ratio equal to 1.0 were manufactured by RF
magnetron sputtering. Both films were annealed at temperatures of 800 °C in air for 1 h and then for an additional 9 h. Both coatings in as-
deposited and after heat treatment were evaluated with a transmission electron microscope (TEM) equipped with EDS. After heat treatment at
800 °C for 1 h, a thick oxide layer around 260 nm was formed on the surface of the TiN/AlN coating. The oxide layer which formed on the coating
was composed of three different regimes, including Al-enriched oxide with excess oxygen on the top surface, a crystalline Al-depleted TiO2 layer
30–80 nm thick above the nitride coating and in between, mixed nano-crystalline Al2O3 and TiO2 films. In comparison, only one oxide layer
smaller than 50 nm in thickness was found in the annealed CrN/AlN coating. This amorphous or nanocrystalline oxide layer identified by EDS
was a metal-deficient oxide, in which Al2O3 and Cr2O3 were mixed together forming a solid solution. As a result, the CrN/AlN coating exhibited
superior stability compared to the TiN/AlN coating at elevated temperatures.
© 2006 Elsevier B.V. All rights reserved.Keywords: CrN/AlN; TiN/AlN; TEM; Oxidation behavior; Multilayer coating; Nano-crystalline1. Introduction
Multilayer coatings made of two different kinds of materials
such as metal/metal, metal/nitride, oxide/oxide and nitride/
nitride stacks have been developed in recent years, and can
provide superior electrical, optical, mechanical and chemical
properties as compared to single layer coatings [1–4]. For
mechanical applications, the nitride/nitride multilayers, includ-
ing TiN/AlN, CrN/WN, and TiN/NbN multilayer coatings, were
the most common candidates owing to their high hardness,
chemical inertness and toughness [5–10]. Multilayer nitride/
nitride coatings can possess high hardness at ambient tem-
peratures. After heat treatment at elevated temperatures in air
there are two critical issues to be concerned with. One is the
inter-diffusion of two nitride layers, which causes the disap-⁎ Corresponding author. Fax: +886 3 5712686.
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doi:10.1016/j.tsf.2006.07.162pearance of the nano-layered structure [11–14]. The other more
serious issue is the formation of a loose and soft oxide on the
surface. Both modifications will reduce the hardness of the
multilayer coatings [15–18]. As a result, the oxidation re-
sistance plays an important role in the performance of tools
operated at elevated temperature in air. It was suggested that
either CrN/AlN or TiN/AlN multilayer systems would enhance
the hardness of a surface in the as-deposited state, and would
exhibit excellent oxidation resistance at elevated temperature.
This enhancement was attributed to the formation of an Al2O3
film on the top surface of the coatings [13,16,19,20]. In ad-
dition, the bilayer structure of these two coatings can also be
preserved [13,20]. Nevertheless, a detailed understanding of the
microstructure and the elemental distributions after heat treat-
ment in air was limited. This paper mainly focuses on the
oxidation behavior of CrN/AlN and TiN/AlN multilayer
coatings at elevated temperatures in air. The phase and micro-
structure of the oxide layer formed on both multilayer coatings
were evaluated by means of a transmission electron microscope
Table 1
Characteristics of CrN/AlN and TiN/AlN multilayer coatings at as-deposited
and heat treatment conditions





H (GPa) Ra (nm) H (GPa) Ra (nm)
CrN/AIN 30.1±1.62.8 23.7±0.4 3.1 1000 850
TiN/AIN 28.9±1.22.5 8.2±2.110.6 400 762
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tence of the bilayer structure and the nano-hardness for CrN/
AlN and TiN/AlN multilayer coatings were also investigated.
2. Experimental
Multilayered CrN/AlN and TiN/AlN coatings with a modu-
lation period of 4 nm were deposited on the silicon (100) and
polycrystalline Al2O3 substrates by RF magnetron sputtering.
The targets with 50.8 mm in diameter were 99.95 wt.% in
purity. The working distance for both sputtering guns was
60.0 mm. After loading substrates and targets, the deposition
chamber was pumped down to 8.0×10−4 Pa. The substrate
temperature and rotation speed were controlled at 300 °C and
20 rpm, respectively, during deposition. The 40-nm-thick Ti and
Cr interlayers for either the TiN/AlN or the CrN/AlN multilayer
coatings, respectively, were deposited on the Si substrate
surface to enhance the adhesion strength between substrate and
the nitride coatings. After introducing nitrogen gas as reactant to
a working pressure of 2.0×10− 1 Pa, the multilayer CrN/AlN
and TiN/AlN coatings with 4 nm periodicity were deposited on
polycrystalline Al2O3 substrate. The specific thickness ratio for
each layer was controlled by the deposition rate of each nitride
coating as well as the switch time of alternate shutters, which
were modified by a programmable logic control (PLC).
After deposition, the CrN/AlN and TiN/AlN multilayer
coatings were evaluated using dynamic thermo-gravimetricFig. 1. TGA analysis of weight gains for CrN/AlN and TiN/AlN multilayer
coatings as functions of annealing time at 800 °C.analyses (Perkin Elmer TGA 7) with sensitivity of 0.1 μg with
an airflow of 30 sccm. The onset of oxidation was determined
by isochronal heating at 5 °C/min from room temperature to
950 °C. Samples were also annealed isothermally at 800 °C for
4 h to evaluate the thermal stability of the multilayer coatings.
An Auger electron spectrometer was used to depth pro-
file the elemental distributions of the multilayers (AES, Auger
NanoProbe, 670 PHI Xi, Perkin Elmer, USA). The microstruc-
ture and modulation period of the CrN/AlN and TiN/AlN
coatings were observed by transmission electron microscopy
(JSM-2010, JEOL, Japan). For the TEM analysis, the film was
first ground to a minimal thickness, and then transferred onto a
Cu grid. A Gatan dual ion mill with an incident angle around
3°–8° and 4.5 keV was used to obtain the required thickness for
electron transparency. Detailed phase identification and chem-
ical composition were analyzed by TEM equipped with EDS.
The hardness of films was analyzed by the nanoindentation
technique. The load was fixed at 5 mN and the indentation depth
was smaller than 1/10 of the coating thickness.Fig. 2. AES depth profiles of (a) TiN/AlN and (b) CrN/AlN multilayer coatings
at 800 °C for 1 h.
1099S.-K. Tien, J.-G. Duh / Thin Solid Films 515 (2006) 1097–11013. Results and discussion3.1. Characteristics of CrN/AlN and TiN/AlN multilayer coatings
Table 1 shows the characteristics of the TiN/AlN and CrN/
AlN multilayer coatings. Both films exhibited dense columnar
structure. The values of thickness for TiN/AlN and CrN/AlN
coatings were 400 nm and 1000 nm, respectively. The modu-
lation periods of the multilayer coatings observed from TEM
micrographs were 4 nm with the thickness ratio equal to 1. The
hardness of as-deposited CrN/AlN and TiN/AlN coatings was
close to 30 GPa, which was higher than that predicted from the
rule of mixture. After heat treatment at 800 °C for 1 h, the
hardness of TiN/AlN and CrN/AlN multilayer coatings de-
creased to 8.2 and 23.7 GPa, respectively. The reduction in
hardness resulted from the oxide formation on the surface of
these coatings. In fact, both microstructure of oxide films and
oxidation resistance of CrN/AlN and TiN/AlN multilayer
coatings play an important role in the mechanical properties
at elevated temperatures. Further thermal analysis was con-
ducted at 800 °C in order to study the microstructure evolution
during heat treatment in air. It was hoped that the protective
mechanisms of the multilayer coatings could be revealed.
3.2. Dynamic and static thermo-gravimetric analyses
The onset oxidation temperatures for CrN/AlN and TiN/AlN
multilayer coatings were 850 °C and 762 °C, respectively, as
indicated by TGA. Above the onset temperature, sample weight
increased rapidly. The weight gains for both coatings were due
to the formation of oxide product on the top of the coating.
The TGA data showed that oxidation behaviors for TiN/AlN
and CrN/AlN were quite different indicated in Fig. 1. The
weight gain for TiN/AlN coating increased rapidly with an-Fig. 3. (a) X'TEM image of TiN/AlN multilayer coating annealed at 800 °C for 1 hnealing time at 800 °C. However, the profile for CrN/AlN
coating showed two distinct regions. Initially, the weight gain of
CrN/AlN was similar to that of the TiN/AlN film. After this
initial period, the weight stabilized and did not increase with
longer annealing time. This indicated that the oxide film formed
on the CrN/AlN multilayer film impeded the diffusion of oxy-
gen, which effectively protected the coating from further oxi-
dation at 800 °C.
3.3. Microstructure and phase identifications
To investigate the oxidation behavior of CrN/AlN and TiN/
AlNmultilayer coatings, the AES depth profiles and TEM images
of films annealed at 800 °C for 1 h permitted evaluation of the
microstructure evolution and elemental distribution.
AES depth profiles of multilayer coatings after heat treatment
are shown in Fig. 2. The samples were analyzed at the same time
under identical conditions for sputtering time and beam current. In
Fig. 2(a), the Al concentration on the surface of the coating was
much higher than that found in the deeper TiN/AlNmultilayer and
also slightly decreased with depth within the surface layer. The
concentrations of Ti and Owere higher beneath the Al-rich region
at the top surface thanwithin the TiN/AlNmultilayer. The detailed
microstructure and composition of each oxide region were clearly
identified by the TEM image and EDS.
Figs. 3 and 4 illustrate the TEM images of TiN/AlN and CrN/
AlN multilayer coatings after heat treatment at 800 °C for 1 h.
The bilayer structure for both films after heat treatment at
800 °C still existed and the interfaces between the nitride layers
remained distinct. A thick oxide film (∼260 nm) was found on
the TiN/AlN multilayer coating. The oxide film was divided
into three regions as displayed in the TEM image, which was
consistent with the results of AES depth profile. The chemical
compositions of formed oxides on both TiN/AlN and CrN/AlN
multilayer coatings after heat treatment, quantitatively; (b) enlarged image of un-reacted film and (c) enlarged image of oxide layer.
Fig. 4. X'TEM image of CrN/AlN multilayer coating annealed at 800 °C for 1 h.
Fig. 5. (a) X'TEM image of TiN/AlN multilayer coating annealed at 800 °C for
9 h; (b) nano beam diffraction pattern of point 8.
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analyzed by EDS (location 1 in Fig. 3(a)) was an Al-rich oxide
layer with excess oxygen and exhibited nano-crystalline
structures. The Al-depleted layer with a grain size ranging
from 30 to 80 nm was a stoichiometric TiO2 phase. (location 3
in Fig. 3(a)). In between, the mixed nano-crystalline TiO2 and
Al2O3 layers were also clearly identified (location 2 in Fig. 3
(a)).
For the CrN/AlN multilayer coating in Fig. 2(b), a similar
trend was revealed. At the outmost surface, the Al concentration
was much higher than that of un-reacted film, while the Cr
concentration was depleted. It appeared that Al and O con-
centrations slightly decreased with thickness and reached the
steady state within the CrN/AlN film. The dense oxide layer,
37 nm thick, formed on top of the CrN/AlN coating was much
thinner than that of TiN/AlN coating. The composition and
structure of the topmost oxide layer analyzed by EDS revealed
the presence of amorphous Al-rich (Alx,Cr1−x)2O3 oxide with
excess oxygen (location 5 in Fig. 4).
Based on the results of the AES depth profile and TEM
analysis, Al atoms have diffused outward to form a dense Al-Table 2
Quantitative results of CrN/AlN and TiN/AlN multilayer coatings after heat
treatment at 800 °C analyzed by TEM equipped with EDS
Locationa Element compositions (at.%) Phase
Cr Al Ti O N
1 – 27.0 4.6 68.4 – Al-rich oxide
2 – 28.0 10.2 58.2 2.6 Mixed TiO2+Al2O3
3 – 1.3 30.4 59.3 9.0 Al-depleted TiO2
4 – 27.9 26.5 3.8 41.7 TiN/AlN film
5 5.8 27.4 – 66.8 – Al-rich oxide
6 13.3 16.9 – 69.85 – Mixed (Alx,Cr1−x)2O3
7 23.1 5.13 71.8 – Al-rich oxide
8 27.7 4.0 68.3 – Al-rich oxide
9 23.8 16.6 59.6 – Mixed TiO2+Al2O3
10 2.4 29.9 67.69 – Al-depleted TiO2
a Points of location are indicated in Fig. 3 (1–4), Fig. 4 (5–6) and Fig. 5 (7–10).rich oxide, which then limits further oxidation of either the TiN/
AlN or the CrN/AlN multilayer coatings. This phenomenon was
also found in the TiAlN monolayer systems [21]. At 800 °C,
which was above the onset temperature of 762 °C, crystalline
TiO2 was formed underneath a dense Al2O3 layer, indicating
that oxygen had diffused inward through the Al-rich layer to
react with TiN. It was reported that the path for the inward
diffusion of oxygen was through the grain boundaries betweenFig. 6. Plan-view image of TiN/AlN multilayer coating after heat treatment at
800 °C for 9 h.
1101S.-K. Tien, J.-G. Duh / Thin Solid Films 515 (2006) 1097–1101oxides and via oxygen vacancies [22]. As the topmost Al-rich
oxide can not resist the inward diffusion of oxygen, the TiN
films would be substantially oxidized. The larger molar
volumetric change from TiN (11.4 cm3) to TiO2 (18.9 cm
3)
would cause appreciable volume expansion during the forma-
tion of an oxide layer during heat treatment. If the critical
thickness of the oxide layer was exceeded, cracks formed in the
oxide layer which relieved the tensile stress caused by the
volume expansion of the phase transformation [21]. However,
in the TiN/AlN multilayer which had been annealed at 800 °C
for 1 h, no cracks were observed. Therefore, it was argued that
the path for the oxygen diffusion in the TiN/AlN multilayer
coating might be through grain boundaries of formed oxides.
After further heat treatment at 800 °C for 9 h, the remaining
thicknesses of the multilayer TiN/AlN and oxide layers were
150 nm and 600 nm, respectively as shown in Fig. 5. The topmost
Al-rich oxide layer was identified by nano beam diffraction
(NBD) in TEM to be crystalline hexagonal α-Al2O3 grain with a
zone axis of [01–10]. It should be pointed out that cracks formed
between crystalline α-Al2O3 grains. In fact, cracks are easily seen
in the plan-view SEM image of an annealed TiN/AlN multilayer
coating shown in Fig. 6. Crack formations on the surface implies
that the Al-rich layer at the outer surface can not provide an
effective barrier to impede the inward diffusion of oxygen which
would attack the un-reacted TiN/AlN coatings at elevated tem-
peratures. It is interesting to note that the oxidation behavior of the
TiN/AlN multilayer coating in this study is very similar to that of
TiAlN coating proposed by McIntyre [21].
In the CrN/AlN coatings, no Al-depleted regionwas detected.
Instead, a mixed oxide layer was found with a nano-crystalline
structure. The reason why the CrN/AlN multilayer coating ex-
hibited superior oxidation resistance could be explained as
follows: (1) CrN was more stable than TiN at elevated tem-
peratures due to the protection of Cr2O3; (2) the molar volume
expansion from CrN to Cr2O3 was relatively small; (3) both
Al2O3 and Cr2O3 exhibited the identical crystal structure, and
were mixed together forming a solid solution. Therefore, volume
expansion after oxidation was reduced.
In summary, the growth of an oxide film on the TiN/AlN
multilayer coating, which resulted from crack formation and
grain growth with the protective Al2O3 layer, led to a rapid
decrease in hardness at elevated temperatures. The dense nano-
crystalline Al-rich (Alx,Cr1−x)2O3 film formed on the surface of
CrN/AlN multilayer coating was able to protect the multilayer
coating efficiently from further oxidation. Thus the mechanical
strength of CrN/AlN coatings after heat treatment at elevated
temperature in air was maintained and found to be superior to
that of the TiN/AlN coatings.
4. Conclusions
CrN/AlN and TiN/AlN multilayer coatings with 4 nm in
modulation period were fabricated by RF magnetron sputteringwithout substrate bias. The hardness of both as-deposited
coatings was close to 30 GPa, which was higher than that of the
rule of mixture. After 800 °C for 1 h in air, the hardness of CrN/
AlN coating decreased slightly to 23.7 GPa, while that of the
TiN/AlN multilayer was reduced dramatically to 8.2 GPa. The
topmost oxide layer on the annealed CrN/AlNmultilayer coating
exhibited a dense Al-rich amorphous or nano-crystalline struc-
ture with excess oxygen. However, in the TiN/AlN multilayer
coating, three distinct regions, including an Al-rich layer, a
mixed nanocrystalline layer, and an Al-depleted TiO2 layer with
large grain size, were revealed. Cracks were found in the TiN/
AlN multilayer coating after heat treatment owing to the volume
expansion from TiN to TiO2. This implied that the outermost Al-
enriched layer cannot impede the inward diffusion of oxygen,
leading to the continuous weight gain with annealing time. For
the CrN/AlN multilayer coatings, volume expansion during
oxidation was minimal and grain growth was suppressed by
formation of Al2O3 and Cr2O3 mixed amorphous layers. As a
result, the CrN/AlN coating can exhibit much better oxidation
resistance and thermal stability owing to co-existent stable oxide
phases.
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